ABSTRACT: A fast fluorimetric assay (FFA) for the detection of saxitoxins in plankton samples was compared with the analysis by high performance liquid chromatography (HPLC). The correlation between the results of the assay and those of the HPLC is significant for most of the carbamoyl saxitoxins. During research cruises to the Orkney Islands and the Firth of Forth (Scotland) in 1997 and 1998, samples of toxic Alexandrium spp. blooms were analyzed successfully by FFA and HPLC. Because the toxin pattern of toxic Alexandrium spp. mostly consists of highly fluorescent saxitoxins (like STX and GTX3), the assay can be applied for monitoring toxic Alexandrium spp. blooms and is suggested as a tool for future prewarning systems of paralytic shellfish poisoning (PSP) events. 
INTRODUCTION
Paralytic shellfish poisoning (PSP) events in Europe are usually associated with blooms of toxic dinoflagellates of the genus Alexandrium spp. (Hallegraeff 1995 , Elbrächter & Schnepf 1996 . Alexandrium spp. blooms frequently occur in shallow salt ponds, coastal bays and large estuaries, but also in open coastal waters (see Anderson 1998) .
The causative agents of PSP are mainly highly toxic carbamoyl saxitoxins (STX), but also N-sulfocarbamoyl toxins which can be hydrolyzed to carbamate toxins by enzymes in human digestive glands or during preservation steps in the food industry (Luckas 1992) . All congeners bind to Site 1 on the voltage-dependent sodium channel of neurons and inhibit neurotransmission. No antidote is known.
For economical reasons, most monitoring of PSP events is normally concentrated on the chemical analysis of shellfish samples, not on the causative organisms. This monitoring is performed by high performance liquid chromatography (HPLC) analysis (Sullivan et al. 1985 , Hummert et al. 1997 and/or by biological testing methods (e.g. mouse test; AOAC 1990) according to procedures laid down in national or international directives. The range of acceptable thresholds of PSP in the edible parts of molluscs is 40 to 80 µg STXequiv. per 100 g of mollusc meat in Europe and the USA (van Egmond et al. 1992) . Fishing areas are closed until levels of saxitoxins fall below the threshold values.
In contrast, during phytoplankton monitoring programs, usually no efforts are made to detect or measure PSP directly in water samples. Here the quantification of Alexandrium spp. is done via microscopic counts ('Utermöhl counts'; Hasle 1978), but a valid judgement of whether toxic Alexandrium spp. are present or not can only be achieved by combining HPLC and Utermöhl counts. Unfortunately HPLC as well as microscopic counts are very time-consuming and expensive processes or, in the case of HPLC, require expensive equipment.
In 1975, Bates & Rapaport described a simple fluorimetric method for the measurement of saxitoxins in shellfish samples whereby the nonfluorescent saxitoxin molecule is oxidized to a fluorescent purinederivative by H 2 O 2 treatment. Despite its simplicity, the method has never been applied to plankton samples or dinoflagellate cultures. In recent years, more sensitive or detailed methods like HPLC (Sullivan et al. 1985) , the MNB (Mouse Neuroblastoma)-test (Kogure et al. 1988) , an ELISA (enzyme-linked immunosorbent assy; Chu & Fan 1985) or a receptor assay (Vieytes et al. 1993 ) have replaced the fluorimetric assay. Nevertheless, a simple, cheap and fast detection method for saxitoxin is needed, especially for ecological studies of bloom dynamics of toxic Alexandrium species. Despite the importance of these toxic dinoflagellates, such studies are remarkably few and the complexeties of these blooms in coastal or estuarine systems are far from understood (Anderson 1998).
The objective of the research described herein was to develop a simple and fast assay for the detection of saxitoxin in algal cultures and natural plankton samples based on the fluorimetric method published by Bates & Rapaport (1975) .
MATERIALS AND METHODS
Algal cultures. Dinoflagellate cultures (Alexandrium fundyense CCMP1719, A. tamarense 57OK1K, A. tamarense CCMP115 and Prorocentrum micans ME04) were kindly provided by M. Elbrächter (Senckenberg Institute, Germany) and cultivated in F/2 medium (Guillard 1975 ) at 18°C and a 12:12 h light:dark regime. Algal cells were harvested by filtration on glassfibre filters (Whatman GF/C) or by centrifugation.
Investigation area. Natural plankton samples were taken during Alexandrium spp. blooms on 2 research cruises with the RV 'Heincke' (13 to 24 May 1997, Cruise 1; 13 May to 1 June 1998, Cruise 2) from different locations around the Orkney Islands and the Firth of Forth (Scotland) using a rosette sampler. To estimate the extent of the blooms, samples were taken on northsouth or east-west transects during both cruises and during 2 drifting experiments east of the Firth of Forth and east of the Orkney Islands on Cruise 2.
Water sampling. Water samples from various depths from the surface to a maximum of 50 m were collected with a rosette water sampler with 12 l bottles equipped with a CTD profiler for hydrographic measurements of conductivity, temperature and pressure and sensors for the determination of chlorophyll fluorescence and light.
During the daytime, up to 4 stations were sampled. To concentrate dinoflagellate biomass, water samples (3 to 5 l) were filtered through 47 mm glassfibre filters (Whatman GF/C) or passed through 50 mm nylonmesh filters (20 µm mesh size). Due to the higher filtration-capacity and speed of the nylon-mesh, these filters were used in addition to the glassfibre filters during drifting experiments to cope with the increased sample numbers. Samples were taken in duplicate in 1997. One filter was extracted and analyzed for saxitoxins on board by HPLC (see later subsection), the other was stored at -20°C until further analysis in our shore-based laboratory by fast fluorimetric assay (FFA). In 1998, parallel samples were extracted and analyzed simultaneously by FFA and HPLC on board.
Extraction. All samples were extracted with 1 to 2 ml of 0.03 N acetic acid in reaction vials and sonicated for 1 min (60 W). Cellular debris and/or filter fragments were removed by centrifugation (12 000 × g in shorebased laboratory; 2980 × g on board ship). Each supernatant was transferred to a new reaction vial and stored at -20°C until analysis by HPLC and FFA (see next subsection). For HPLC, extracts were passed through an 0.45 µm nylon filter before analysis.
Fast fluorimetric assay. For the FFA, 100 µl of each extract (phytoplankton-or dinoflagellate-culture samples), standard (STX; obtained from Sigma) or blank solution (0.03 N acetic acid), respectively, was mixed with 400 µl of periodic acid solution (50 mM periodic acid, 4% v/v NH 4 OH) and incubated for 15 min at 50°C. After incubation the reaction mixture was neutralized with 500 µl of 1 M acetic acid and transferred to a cuvette. Reaction conditions and solutions were taken from the HPLC-procedure for the analysis of saxitoxins as described by Hummert et al. (1997) . The FFA was performed in a Kontron SFM25 fluorimeter at an excitation wavelength of 333 nm and emission scans from 333 to 533 nm were acquired (2 nm steps). After data aquisition, relative fluorescence units (RFU) of the blank solution were subtracted from those of the standard or the extract, and the RFU at 390 nm was calculated using SFM25 controller software. In a second measurement set, emission scans were run from 250 to 600 nm while the excitation wavelength was increased from 250 to 500 nm in 10 nm steps. These experiments were performed to obtain an overview of the fluorescence of oxidized samples over a broader wavelength range, but not for quantification.
HPLC. HPLC was performed with an AS-4000 intelligent autosampler and an L-6200 A intelligent pump (both from Merck/Hitachi), an RF 551 fluorescence detector (Shimadzu), an D-6000 HPLC-Manager (Merck/ Hitachi), a 1 ml CRX 390 post-column reaction-unit (Pickering Laboratories) and a 250 × 4.6 mm i.d. column packed with 5 µm Supelcosil-C18 DB (Supelco No. 58355). Chromatography was performed as described recently by Hummert et al. (1997) . The PSP toxins were separated at a C18-HPLC column, derivatized using a post-column derivatization system with periodic acid for oxidation, and the derivatization products detected in a fluorescence detector.
Toxin standards of STX, NeoSTX, GTX1, GTX2, GTX3 and GTX4 were purchased from the National Research Council Canada, Marine Analytical Chemistry Standards Program (NRC-PSP-1B), Halifax, Nova Scotia, Canada; these contained also minor, unquantified, traces of dcGTX2 and dcGTX3. dc-STX was provided by the European Commission (BCR; The Community Bureau of Reference, Brussels) for use as standard during an intercalibration exercise in 1995 and 1996.
The PSP toxins were identified by comparing chromatograms obtained from sample extracts with those resulting after injection of standard solutions containing GTX1 to GTX4, NeoSTX and STX. Quantification of PSP contents was carried out by comparing peak heights in chromatograms of sample extracts with corresponding calibration graphs (Hummert et al. 1997) . In some samples, N-sulfocarbamoyl toxins were detected by double injection, as previously described (Hummert et al. 1997) . Briefly, N-sulfocarbamoyl toxins are converted into the related carbamoyl toxins (B1 to STX, B2 to NeoSTX, C1 to GTX2, C2 to GTX3, C3 to GTX1 and C4 to GTX4) when hydrochloric acid is applied. They can be identified and quantified by the increases in peak heights in chromatograms of extracts before and after hydrolysis. Toxicity was calculated using the values for the relative toxicity (Sullivan et al. 1985) and expressed in ng STXequiv. l -1 . The detection limits for all PSP toxins were the same as those used in a recent study (Hummert et al. 1997) .
RESULTS

STX standard and dinoflagellate cultures
STX standard solutions showed an increase in fluorescence after oxidation (Fig. 1) . The nonfluorescent saxitoxin molecule was oxidized to a fluorescent purine derivative.
Like STX standards, extracts of toxic Alexandrium fundyense or A. tamarense also displayed an increase in fluorescence at the 390 nm excitation wavelength after oxidation; emission scans of oxidized and unoxidized extracts of A. fundyense are shown in Fig. 1 . In contrast, oxidized extracts of the dinoflagellate Prorocentrum micans, which served as a negative control, never showed an increase in fluorescence in this range of the emission scan. In a second set of experiments, a broader emission wavelength range was used (250 to 600 nm) while the excitation wavelength was increased from 250 to 500 nm in 10 nm steps. Fig. 2 shows contour plots of RFU in respect to the acquired emission and excitation wavelength for an oxidized STX standard and oxidized A. tamarense and P. micans extracts. Again, high fluorescence values in the expected wavelength range, with a maximum fluorescence near 333 nm (excitation) and 390 nm (emission), were displayed by the oxidized STX standard solution and the extract of the toxic A. tamarense OK1K, but not by the oxidized extracts of non-toxic A. tamarense CCMP115 and P. micans (Fig. 2) .
Comparison of FFA, HPLC and field results
Because of the increasing availability of various commercial PSP toxin standards it was possible to compare HPLC results for a number of carbamoyl, decarbamoyl and N-sulfocarbamoyl saxitoxins with those of the FFA (as total fluorescence) by linear regression analysis. The HPLC results will be discussed briefly in a future paper (Hummert et al. 2002) . For comparison of FFA and HPLC, the sample volume was taken into account, and the saxitoxin content (HPLC) and the relative fluorescence units (FFA) were calculated per litre.
For 32 samples from Cruise 1 in 1997 (glassfibre filter-enriched biomass) and 124 samples from Cruise 2 in 1998 (54 glassfibre filter samples and 70 nylon-mesh ) and oxidized and non-oxidized extracts of the toxic dinoflagellate samples), linear regressions were performed between RFU per litre as measured by the FFA and the concentration of carbamoyl and N-sulfocarbamoyl toxins as determined by HPLC (Table 1) . N-sulfocarbamoyl toxins and decarbamoyl toxins were not determined on Cruise 1. Furthermore only a mixture of the carbamoyl toxins GTX1 and GTX2 was available as standard (GTX1/4) on this cruise. Decarbamoyl-toxins were not detected in any samples of Cruise 2. To compare the influence of the filters used (glassfibre filter and 20 µm nylon mesh), the results of the linear regression analysis are displayed separately for the 2 filter types in Table 1 , from which it is obvious that the fluorescence detected by FFA derived from all saxitoxin congeners present in the sample. Hence, the sum (Σ) was also calculated, whereby the carbamoyl toxins as measured by HPLC were added after multiplication with individual fluorescence factors which take the different fluorescence of the oxidized molecules into account (Yu et al. 1998) .
The linear regression analysis of FFA and HPLC data showed significant correlations for all measured saxitoxins in samples of Cruise 1 (Table 1) . The highest coefficients of determination (r 2 ) were calculated for GTX3 and Σ (0.901 and 0.900, respectively). In respect to the samples of Cruise 2, GTX3 again displayed a high r 2 (0.932) for the glassfibre filter samples but a lower r 2 for the nylon-mesh samples (0.504). For Σ, an r 2 of 0.96 and 0.70 was calculated for glassfibre filter and nylon-mesh samples, respectively. Significant correlations could be calculated for all carbamoyl and N-sulfocarbamoyl toxins in samples from Cruise 2 with the exceptions of B1 and B2 (glassfibre filters but not nylon-mesh samples) and C4 and C1 (glassfibre filter but not nylon-mesh samples).
DISCUSSION
Bates & Rapaport (1975) described the initial fluorimetric method for the measurement of saxitoxins in shellfish samples on which the FFA of this study is mainly based. Until now, this method has only been applied to the examination of shellfish samples, and in recent years has been replaced by more sensitive methods like HPLC (Sullivan et al. 1985) , the MNB-test (Kogure et al. 1988) , and ELISA (Chu & Fan 1985) or a receptor assay (Vieytes et al. 1993) . All these methods have the advantage of high sensitivity, but they also have the disadvantages of being labour-intensive, expensive and time-consuming. For these reasons, when performing ecological surveys or monitoring programs for toxic dinoflagellates, most studies have focused on Utermöhl counts and only small sample numbers have been analyzed for saxitoxins by HPLC (Reguera et al. 1991 , Aune et al. 1995 , Hummert et al. 2002 .
We have shown that the results of a FFA are in good agreement with those of an HPLC analysis of concentrated plankton from field samples. The coefficients of determination were significant for all carbamoyl saxitoxins. Because all toxic Alexandrium species contain at least one of the fluorescent carbamoyl toxins, FFA should be suitable for those research studies in which only Utermöhl counts are usually performed. Compared to Utermöhl counts, the information as to whether saxitoxin-producing dinoflagellates are present in a sample will be available after 30 min of analysis compared to the necessary settling time for cells in Utermöhl chambers of up to 2 d. Because of the possible high sample-throughput of the FFA in conjunction with the high filtration capacity and speed of nylon mesh, it should be possible to examine the diurnal vertical migration of toxic Alexandrium spp. by this simple method during future on board surveys. Although the HPLC procedure is more sensitive than the FFA (~10 µl of the extract is analyzed by HPLC, 100 µl by FFA), this disadvantage can easily be overcome by filtering larger amounts of water. We usually filtered 3 to 5 l of water on our cruises, which was sufficient for HPLC analysis and FFA. However, in respect to the phytoplankton samples examined, the detection limit of FFA for STX Σ (the sum of all carbamoyl saxitoxins, see above) was in the range of 20 ng per litre seawater. The high correlation coefficients between the data from FFA and HPLC analysis in respect to most of the individual saxitoxins (even for those displaying low fluorescence when oxidized) can be explained as follows. The fluorescence of the oxidized sample should mostly be influenced by the saxitoxins STX, GTX3 and GTX2, with fluorescence factors of 1, 1.2 and 0.9, respectively (Yu et al. 1998) . Other saxitoxins like NeoSTX display much lower fluorescence factors (NeoSTX = 0.094). It can be assumed, therefore, that high coefficients of determinations calculated for saxitoxins with small fluorescence factors are not caused by 'real' fluorescence but by stable toxin patterns: the relationship between the saxitoxins is constant in the samples. On average, for samples taken during the drifting experiments and filtered onto nylon mesh, lower coefficients of determination were calculated (especially for GTX3) and high fluorescence values were recorded. This was not so for samples filtered onto glassfibre filters. When performing linear regression analysis after removing fluorescence values greater than 100 RFU l -1 from this data set, the coefficient of determination rose from 0.504 to 0.846 for GTX3, resulting in 0.883 for STX Σ; nevertheless, all linear regressions for saxitoxins with high fluorescence factors were significant (including also GTX3). A comparison of filter types revealed that glassfibre filters are more efficient for concentrating phytoplankton biomass.
Because of its easy sampling, extraction and measurement procedure, we suggest FFA be used as a simple tool for monitoring saxitoxin levels in PSP prewarning systems as well as for ecological surveys (EUROHAB 1999). 
